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ABSTRACT
Blood vessels traversing the subarachnoid space possess morph
ological characteristics reflecting specialized function and environment.
The spaces associated with these vessels are of special Interest. Until
recently, however, clear descriptions of these vessels and the spaces
associated with them were limited by Inadequate fixation. This study
describes the normal morphology of blood vessels in the subarachnoid
space and their associated spaces in tissues known to be fixed ade
quately for fine structure.
Thirty-eight young adult female rats were perfused with buffered
aldehydes. Selected tissues were prepared for light microscopy with
the least possible modification of standard procedures. Using common
staining techniques, the blood vessels at the base of the brain, along
with the Intact leptomenlnges, were studied by light microscopy.
Both arteries and veins possess unusually thin w alls. Connec
tive tissue components are sparse In all three co a ts. Arterial valve-like
projections are present near major branches. Perivascular spaces be
tween leptomenlngeal cellular extensions are not evident. The subarach
noid, intramural and perivascular spaces are not morphologically separ
ate spaces. All are part of the general tissue space of the body.
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The observed differences in vascular mural structure as well as
in the associated spaces are understandable in relation to function,
particularly when interpreted in terms of pressure differentials in their
immediate surroundings. Morphologically, they represent variations of
a master pattern of tissue organisation common to the body at large, var
iations that collate well with the physical circumstances and functional
requirements of the special area which they serve.
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CHAPTER I
INTRODUCTION
The spaces within and around the walls of blood vessels are tak
ing on a new significance with the development of ultra structure. The
blood vessel mural structure has been quite well defined in the general
tissue space of the body as well as within the central nervous system.
However, a critical area for examining the mural structure and for Inter
preting the vascular mural spaces is where the vessels traverse the sub
arachnoid space. It is here that they are subjected to the unusual pres
sure and extraordinary biochemical environment of the cerebrospinal
fluid.
It has been well established that the cerebral blood v essels, in
cluding those traversing the subarachnoid space, possess unusual morph
ological and physiological features . The special morphology of cerebral
blood vessels has been widely reported (1-10). The spaces related to
cerebrospinal fluid in and around the central nervous system have been
studied extensively as well (5 ,7 ,9 - 2 2 ) . Controversies still exist con
cerning the elaboration, circulation and absorption of cerebrospinal fluid
along with its relationship to the cerebral blood vessels and to the cen
tral nervous system (9 ,2 0 ,2 1 ,2 3 ). These have arisen out of diligent
1

2
scientific attempts to elucidate the true nature of this elaborate fluid sy s
tem. However, much existing information rests upon experiments utiliz
ing abnormal hydrostatic and osmotic pressures, toxic injections and,
perhaps most important, inadequate chemical fixation of the tissues prior
to their examination. For example, Mott (11), in hypothesizing a cerebro
spinal fluid drainage system via cerebral capillaries, produced a state of
cerebral anemia in order to study perlneuronal and percapillary spaces.
Some of the influential works of Weed (12-14,16) were based upon exper
imental methods utilizing subarachnoid injections under prescures of 50 mm
of mercury or Intravenous injection of hypertonic saline solution simultan
eously with the subarachnoid Injection. Consequently, Weed also assigned
the function of cerebrospinal fluid circulation to the perlneuronal end periceplllary sp aces. The existence of these spaces in routine light microscropic preparations is now known to be due to Inadequate fixation. The
artifactttious nature of these spaces has been suspected for many years,
notably by Patek (19), who attributed it to a shrinkage of the brain after
hardening. However, final confirmation of the artifactltious nature of
perlneuronal and perlcaplllary spaces awaited the development of adequate
fixation and the Increased resolution of the electron microscope (2 4 ,2 5 ).
The experiences of the early electron microscoplsts demonstrated
the inadequacy of existing light microscopic fixation. Pa lade (26) demon
strated a wave of acidity preceding fixation with osmium tetroxide. Fur
thermore, he illustrated the clumping of tissue elements resulting from
acidification during fixation. The clumping was, of course, ironically

advantageous to the light microscopist because It enabled him to "see"
structures. But, we now know that classical light microscopic fixation
methods created artifactitious spaces and clumped formed elements.
The Introduction of buffered osmium tetroxide fixation (26) enabled a c 
curate studies of fine structure to be made. This fixative, while yield
ing tissues adequate for fine structural studies, imparted masking color
and inhibited subsequent chromatic staining. With the development of
buffered aldehyde fixation (27), light microscopic examination of tissues
fixed adequately for fine structure became feasible. Substitution of the
buffered aldehydes for osmium tetroxide (28) in the perfusion technique
of Palay, et a l. (29) provided further stimulation for light microscopic
Investigations.
By this latter technique, blood vessels may be studied in their
normal, "open" position, without distortion by collapse. Thus, cellular
and non-cellular elements are fixed in situ and artifactitious spaces are
avoided. It therefore seemed worthwhile to re-investigate the estab
lished concepts of blood vessel morphology in this critical area, that
of the subarachnoid sp ace, with the aid of preparations known to be
fixed for fine structure. The present investigation was undertaken with
this in mind.
The arteries traversing the subarachnoid space have long been
known to possess thinner walls than vessels of comparable size else
where in the body. The vessels themselves are surrounded by a single
layer of flattened cells similar to and continuous with the cellular layers
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of the leptomeninges (pia mater and archnoidea) which line the sub
arachnoid space. The internal elastic lamina which underlies the base
ment membrane of the endothelium is exceptionally prominent. Ranke,
quoted by Cobb (3), reported the presence of fenestrae in this prominent
layer. He claimed that these were not " h oles", but Instead were filled
with the cytoplasm of connective tissue c e lls .
Hackel, as reported by Fang (8), and Baker (30) observed frag
menting and splitting of this lamina with increasing age in humans.
Elastic elements of the media and adventitia are relatively few when
compared with comparable vessels of other areas of the body. £ gradual
increase in collagenous elements occurs with age at the expense of
elastic and muscular components of the media of cerebral arteries (2).
Subsequent hyalinizatlon apparently occurs as a normal aging process
(30). Even in the largest arteries a distinct external elastic lamina is
lacking. The weakly developed adventitia is continuous with the con
nective tissue component of the pia-arachnoid.
The walls of cerebral vessels have long been known to possess
both myelinated and unmyelinated nerves (3 1 ,3 2 ), Their presence has
been confirmed recently by electron microscopic studies (6 ,1 0 ,3 3 ).
Clarke (34) reported two types of nerves associated with cerebral arter
ies: (a) unmyelinated fibers whose terminations appeared to be asso 
ciated with smooth muscle of the tunica media, and (b) large fibers,
possibly myelinated, which terminated in the adventitia. Huber, as re
ported by Penfield (32) had earlier described two types of fibers and had
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assigned separate functions to them, The myelinated fibers were supposed
to serve a vasomotor function, while the unmyelinated ones were desig
nated sensory. Chorobski and Penfleld (31) reported vasodilator nerves
and described their pathway from the seventh cranial nerve. A sensory
function was suggested by Penfleld (32) for certain nerves with Meissnertype endings in the adventitia of pial v essels. Penfleld (32) also demon
strated the presence of nerves accompanying arteries and some veins Into
the substance of the cerebrum. Nervous Innervation down to the arter
iolar level was described. Forbes and Cobb (35) described arterial vaso
constrictor nerves which were only one-tenth as effective as those of
other areas of the body. It is evident that the functional significance of
these nerves has not been entirely elucidated.
Unusual valve-like intimal projections have been observed re
cently in the cerebral arteries at the base of the brain in rats (36,37) and
in other rodents (38). They characteristically occurred in association
with a branch of one of the components of the circle of W illis. These
structures stained metachromatlcally with cresyl echt violet. The inter
nal elastic lamina of the artery was split, one component separating the
base of the projection from the tunica media and the other component
directly underlying the endothelial covering. Fine elastic fibers were
seen to traverse the valve-like structures in a parallel manner. Fibroblast
nuclei were identified between the elastic elements. The roles of cerebral
blood flow regulation, chemoreception or pressure detection were suggested
for these valve-like projections.
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Cerebral veins characteristically lack valves and exhibit extremely
thin walls with respect to their luminal size. Smooth muscle is lacking,
the wall being made up primarily of collagenous tissue. Scholz and Ral
ston (39) have reported the media to be lacking in cerebral veins of cats
and dogs. Bowsher (40) describes the media of cerebral veins as incom
plete of lacking. He believes that such a description includes human
cerebral veins. An internal elastic lamina is present only in the largest
veins. All veins in the subarachnoid space are surrounded by a single
layer of flattened cells continuous with the cellular leptomeningeal lay
ers (3 ,2 2 ).
The cerebral veins lying within the subarachnoid space have long
been implicated as one of the possible pathways of cerebrospinal fluid
absorption (39-42). Scholz and Ralston (39) used an in situ breezing pro
cedure with subsequent dehydration at -2 0 °C . to eliminate any possibil
ity of post-mortem diffusion of the Injected tracers. They concluded that
while the arachnoid villi served as the major pathway of absorption, the
cerebral veins within the subarachnoid space furnished another pathway.
Bowsher (40) indicated that the role of veins in the absorption of cere
brospinal fluid was based on the fact that they differ from a capillary
only in size and not in structure. Further, the hydrostatic pressure within
a cerebral vein has to be less than that of a capillary.
Views have differed widely with respect to the existence and dis
tribution of capillaries in and around the subarachnoid sp ace. According
to Fiexner (43), no vessel smaller than an arteriole or a venule was found
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In the leptomeninges or In the subarachnoid sp ace. Miilen and Woollam
(44) expressed similar view s, believing that the leptomeninges derived
their nutritional needs from the cerebrospinal fluid and underlying nervous
tissue. However, Dandy (45) and Ingraham, et aL. (46) described exten
sive capillary networks within the leptomeninges and in relationship to
the cerebrospinal fluid.
Ever since the earliest stages of histological investigation the
spaces associated with cerebral blood vessels have assumed greater im
portance than the mural structure of the vessels themselves. The term
inology has been complicated from the start and subsequently has been con
fused by frequent misinterpretation. The fact that the majority of the spaces
described by early workers are now regarded as artifacts has only added to
the confusion. This subject has been reviewed by Weed (1 2 -1 5 , 17),
Wlslocki (47), Woollam end Miilen (20,21) and Pease and Schulta (7),
from which the following citations have been taken.
Pestaloszi first described perivascular spaces in 1849 during a
study of cerebral hemorrhage. Two years later Virchow confirmed the ex
istence of such spaces in pathological material. They were subadventitial
and extended from the capillaries to the subarachnoid space. In 1859
Robin first described perivascular spaces in normal tissu es. These were
intra-adventitial and were closed with respect to the subarachnoid space.
Experimental methods were first applied by His in 1865.

Multiple intra

cerebral injections produced spaces between the brain substance and the
blood v essels. He believed these to be lymphatic. According to Patek
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(19), these spaces were located between the perivascular glial end-feet
and the neuropil proper. They are now generally referred to as the "spaces
of Held". Although Held described them In 1909 he clearly regarded them
as artifacts. They were considered to be directly continuous with the
"eplspinal space of H is ,” anartlfactitious space lying between the piaglial membrane and the neuropil. Although His could not demonstrate
direct continuity of these spaces with the true perivascular spaces (and
thus with the subarachnoid space) he apparently believed that such con
tinuity existed. The two layers of the perivascular sheath enclosing the
true perivascular space were first described by Key and Retzlus in 1876.
They recognized the continuity of these layers with the leptomeninges.
The space now referred to as the Virchow-Robin space lies between these
two layers and is in continuity with the subarachnoid space. Thus, in
the strictest sense of current terminology, neither the space described
by Virchow nor the space reported by Robin corresponded to the space
which today bears their names, since both these Investigators regarded
the perivascular space as primarily adventitial.
The first detailed description of perineuronal spaces was that of
fered by Obersteiner in 1870, whose name is associated with them.
Previously, they had been observed by His in 1865, who then considered
them to be continuous with the perivascular spaces he had Injected,
Like His, Obersteiner assigned a lymphatic function to this system of
sp aces. Cerebral spaces were first reported in an English language
publication by Erevan Lewis in 1877, He regarded them as a part of a
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lymphatic system for the drainage of material from neurons. The perineuronal spaces were assumed to be in continuity with the perivascular space
through the space described by His (space of Held).
Patek undertook a comprehensive investigation of cerebral spaces
in 1944 (19). His aim was to determine the nature of the true perivascu
lar space and to demonstrate that the variety of other spaces previously
injected and described were in fact artifactitlous. He used a subarachnoid
injection of colloidal mercuric sulfide, accompanied by intravenous injec
tion of a hypertonic saline solution. The latter injection was introduced to
cause dehydration which in turn facilitated opening and subsequent filling
of the true perivascular spaces with the injection mas®. He concluded that
the true perivascular space accompanied both arteries and veins down to
the capillary level, but did not surround the capillaries themselves. The
inner sheath of the perivascular space was formed in its entirety by an
extension of the arachnoid. An inward extension of the pia mater formed
the outer sheath along the entire length of the veins. However, only the
first part of the outer sheath along the arteries was covered by a compar
able pial extension, The remainder of the outer sheath was formed by
the glial limiting membrane. In the course of this Investigation Patek also
devoted considerable attention to spaces that he considered to be artifactitious. He recognized the continuity of perineuronai spaces with the
spaces injected by His but he considered that this entire system repre
sented artifacts. Cavitation between the adventitia of blood vessels end
the inner wall of the perivascular space was similarly interpreted. Yet
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another abnormal cavity lay between the outer wall of the perivascular
space and the glial limiting membrane. To summarize, it has become appar
ent from the works of Patek (19), Woollam and Millen (2 0 ,2 1 ), Mlllen (9)
and the more recent observations of electron microscopists, that the
perivascular spaces which are lined by the leptomeningeal cellular exten
sions are Indeed true ones. The adventitial cerebral spaces described by
the early investigators were artlfactitious distentions of the normal tissue
space. The spaces within the neuropil Itself were downright artifacts.
This situation will be interpreted in Chapter IV.
Studies devoted to the fine structure of cerebral blood vessels and
perivascular spaces have been reported by Maynard, et at. (5), Pease and
Molinari (6), Pease and Schultz (22), Brlghtman (48), and Nelson, et ai,
(49). These workers have confirmed the existence of leptomeningeal ex
tensions accompanying the larger vessels penetrating the central nervous
system. Patent spaces located between the two leptomeningeal layers
were indeed demonstrated (7) and in keeping with the usual terminology
were designated Virchow-Robin sp aces. Brlghtman (48), utilizing subarach
noid and ventricular injections of ferritin, Indicated a lack of fusion be
tween the deepest leptomeningeal cells to form a closed perivascular
space. Rather, the closure of the cu l-d e-sac was completed by a fusion
of the boundary membrane lining the glial border of the central nervous
system with that underlying the endothelium (49). Examination of cerebral
vessels of the rat (S) revealed only a single leptomeningeal cellular layer
accompanying vessels into the cerebral cortex. This implied a complete
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absence of true perivascular spaces in the rat, since these spaces Ue be
tween two such cellular layers. However, no v essel larger than an arter
iole was seen to penetrate rat cerebral cortex. In the case of a patent true
perivascular space (7), the inner sheath of the space was seen to abut
directly upon the basement or boundary membrane (50) which surrounded
each smooth muscle cell of the arteriolar wall. The outer perivascular
sheath lay against the boundary membrane surrounding the central nervous
system . This boundary membrane lay directly upon the glial en d -feet.
Bundles of unit collagen were also found associated with the leptomeningeai
extensions.
A redefinition of the nature of the subarachnoid space is suggested
by recent electron microscopic studies. C la ssica lly , the boundaries of
this space are formed by cellular layers of the pla and arachnoid. These
are customarily interpreted as a simple mesothelium and are likened to
the cellular lining of the coelomic body cavities (47). According to the
conceptual pattern of boundary membranes (SO), epithelial elements (in
cluding mesothelium) are effectively separated from the single tissue space
of the body by boundary membranes. If the lining of the subarachnoid
space is truly a mesothelium, it should be isolated from the surrounding
connective tissue elements by such a membrane. However, Ramsey (51)
has shown that the pial contribution to the cellular lining of the subarach
noid space is not a continuous cellular layer and does not possess its
own boundary membrane. Furthermore, recent Investigations (2 2 ,4 9 ,5 1 )
have demonstrated bundles of unit collagen fibrils in the subarachnoid
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sp ace, a situation that would certainly never exist if this space were analagous to the body cavities. The existing evidence strongly suggests that
the classical picture of the subarachnoid space as an effectively Isolated
fluid system is in need of critical re-evaluation.
It is thus quite apparent that the light microscopy of cerebral ves
s e ls, and especially the spaces associated with them, is still beset by
considerable misunderstanding. The multitude of artifacts described by
early investigators clearly points to faulty fixation. The confusion and
contradictions that prevailed for more than a century are understandable
when it is realized that truly adequate fixation methods were not then
available. These were not developed until the advent of electron micro
scopy. Even though fixation for fine structure has been in general use
since 1952, methods suitable for transfer to light microscopy became a vailable only four years ago (2 7 ,2 9 ). It therefore seemed worthwhile to
examine material known to be adequately fixed for fine structure and to
collate observations with the established tenets of electron microscopy.
This paper accordingly describes the normal morphology of blood vessels
traversing the subarachnoid space with special emphasis on the identity
of the spaces associated with them.

CHAPTER II

MATERIALS AND METHODS
This investigation consists essentially of a light microscopic re
examination of normal morphology based on tissues adequately fixed for
fine structure. Accordingly, the procedures used in the preparation of
these tissues for study with the light microscope are of more than usual
interest. The technical aspects of the methodology were developed in
collaboration with Charles R. Basom and Leonard L. Gunderson during the
summer of 1965 (2 8 ).1
Thirty-eight young adult female rats of the Sprague-Dawley strain
were perfused by the method of Pa lay, et ah. (29). Phosphate buffered
glutaraldehyde or formaldehyde (27) or a cacodylate buffered paraformaldehyde-glutaraldehyde mixture (52) was substituted for osmium tetroxlde.
The height of the perfusion column was reduced from five to three feet to
prevent capillary rupture In unprotected soft tissu es. When glutaraldehyde
or formaldehyde was used alone 10-20 ml of balanced salt solution were
permitted to flow through the cannula as it was being inserted into the
ascending aorta. Glutaraldehyde perfusion (200-250 ml) was terminated
Appendix IE ,

A formal description of this method is presented in tfeeaflppiNMBT
pp. 6 7 -7 8 .
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after 20 min. but formaldehyde (500-700 ml) was permitted to flow at a re
duced rate for 3 hrs. Both techniques were followed by perfusion of bal
anced salt solution for 20-30 min. When using Karnovsky's fluid, 10-20 ml
of washout solution (isotonic fixer) preceded the perfusate (200-250 ml),
which was permitted to flow in full strength for 15-20 min. Optionally, per
fusion was followed by a 10-15 min. rinse with the washout solution. The
entire procedure was carried out at room temperature (53). Usually the
entire animal perfused readily but selected areas could be emphasized by
means of arterial clamps. For purposes of comparison, some fresh tissues
were fixed by overnight Immersion in unbuffered 10% formalin.
The extreme brittleness of tissues fixed by aldehyde perfusion
called for special precautions. A minimum of handling, bending or tw ist
ing was essen tial to prevent detrimental cracking of the tissue m ass. The
brain along with its blood v essels and leptomeninges was removed with
the least possible amount of mechanical trauma by the following method*
After removal of the skin and superficial muscles from the head and dorsal
aspect of the neck, the temporalis muscle and the deep muscles of the
neck were cut away. Using a sturdy small bone forceps,the nasal arch
was cut away. Next, the contents of the orbits were removed without ex
erting any pulling force on the optic nerve, A blunt probe or forceps was
then inserted between the dura and the inside of the frontal bones. The
calvarium was removed carefully, piece by piece, by hinging the frontal,
parietal and interparietal bones away from the midline and thus separating
them from the dura. The dorsal aspect of the occipital bone and the neural
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archee of the first two cervical vertebrae were cut away with a cuticle
nipper. The most rostral extent of the frontal poles and the olfactory
tracts of the brain were severed and removed by a single coronal cut with
a sharp blade. The falx cerebri was cut rostraliy and a median sagittal
incision of the dura mater was extended caudad as far as the foramen mag
num. Subsequently both halves of the dura were peeled off laterally and
the tentorium cerebelli was cut away. Beginning with its most rostral ex
tent, the brain was slowly and carefully elevated. During this procedure,
blood v e ssels, cranial nerves and the stalk of the hypophysis were severed
with a pointed sharp blade. Finally, the spinal cord was transected near
the medulla and the entire brain with its vascular supply and leptomenlnges
intact was lifted from the animal. It was Immediately Immersed in bal
anced salt solution, buffer wash or washout solution where it was subse
quently cut into blocks. For this cutting, brisk chopping strokes with
fresh blades were necessary to avoid compression and consequent damage.
The tissues could then be left in the appropriate buffer solution for tem
porary storage, prior to dehydration.
Dehydration was begun by adding the first ethanol concentration
directly to the buffer solution In which the tissue was immersed. Ascend
ing concentrations of ethanol (3 0 ,5 0 ,7 0 ,8 0 ,9 5 % , absolute) were added
slowly to prevent damage by turbulence. Drop-by-drop addition was ex
pedient with the lower concentrations. Pipette control of all fluid changes
was found to be preferable to decanting. Damage by surface tension was
avoided in the handling of these especially delicate tissues by maintaining
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complete immersion of the blocks in fluid throughout all procedures.
The unusual hardness of these tissues required special embedment
procedures. A double embedment technique using dilute celloldln and para
ffin (54) was adopted to obtain a matching hardness of the embedding med
ium with the tissues themselves. 2t also prevented separation of tissue
elements in later stages when the sections were heated and water-spread
during mounting.
Tissue hardness also required certain modifications of standard
microtomy techniques. A steel knife was hand-sharpened on lightly etched
glass plates by the method of Hilller (55), a technique originally developed
for ultrathin sectioning. It was essential that the knife be fitted with a
single rear support for accurate three-point suspension, thus assuring a
uniform bevel. A freshly sharpened knife was examined by the scattered
light technique (56). An edge was considered satisfactory when examina
tion at 100 X revealed a fine bright line without a "necklace" pattern. A
paraffinized cardboard pill box cut to fit the knife was used for fluid re
ception of section s, Fifteen percent acetone in distilled water (v:v) or
distilled water alone were the fluids of choice. Sections 4 p thick or less
could be obtained routinely without Interference by humidity or static elec
tricity. Transfer of individual sections to glass slides was done by means
of a small wire loop. Subsequent mounting procedures followed standard
methods. When a dry knife was used sections thinner than 7-8p were difficult
to obtain and were significantly affected by atmospheric conditions.
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The following common light microscopic staining procedures were
used; Hematoxylin (Harris) and eostn, Hematoxylin (Heidenhaln) and plcro-fuchsin, Weigert’s elastin, Nlssl (cresyl echt violet), Retlculln (57),
Masson’s tri-chrome, Mallory’s tri-chrome, periodic acid Schtff (PAS) and
A
^Hochrome (58). The unusual chromatic response of these tissues neces
sitated certain deviations from standard staining procedures. The general
tendency of the tissues was to overstaln. The resultant reduction In
chromatic differentiation was overcome by alterations of concentrations
and exposure times and, when applicable, the use of blocking agents. One
dye substitution was made due to staining failure. Masson's tri-chrome
procedure produced material most suitable for histological differentiation of
cellular and non-cellular elements . The PAS technique adequately indi
cated the positions of most boundary membranes and thus proved useful in
the definition of certain sp aces. It became practicable only after the
application of a blocking agent such as aniline chloride (59) or aniline in
glacial acetic acid (60). One of these was introduced Just prior to the
oxidation step with periodic acid. Reticular components were particularly
well demonstrated by Snook's modification for retlculin (57).

CHAPTER III

RESULTS
Acceptable quality In prepared specimens was determined by the
following criteria. Absence of blood cells was required as proof of ade
quate perfusion. Color response to staining had to be constant throughout
the entire section as an Indication of uniform fixation. Specimens show
ing evidence of breaking or tearing at any level of magnification were dis
carded .

The following descriptions were derived from preparations which

were free from any of these defects.
Arteries
Arteries traversing the subarachnoid space possess the usual three
coats; tunica intlma, tunica media and tunica adventitia (fig .l). Relative
to luminal size, the vascular walls are thin. This is attributable to the
reduced size of the medial and adventitial coats when compared with ves
sels of similar size elsewhere in the body. The endothelium Is markedly
attenuated and rests upon a PAS-posltlve boundary membrane (fig.2 ). A
very prominent Internal elastic lamina underlies this membrane (fig .3).
It Is generally dense, homogeneous and continuous, except for a few fenes
trations (fig.4). Occasional splitting of this lamina occurs.

Here, a single

layer of elastic tissue separates to surround the Inner layer of smooth muscle
18
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In the media. It later appears to rejoin the lamina proper (fig .5). The
tunica media Is primarily muscular, with only sparse amounts of collagen,
reticular and elastic tissue. Other cellular components, such as fibro
blasts, are entirely absent In the media. The largest arteries show four
or five layers of circularly arranged smooth muscle, each muscle cell being
enclosed In Its own boundary membrane (fig.2 ). Occasional collagenous,
reticular and elastic fibers are observed between cells (fig s.5 ,6 ) .

The

adventitia Is thin, containing primarily collagenous and reticular elements,
almost without elastic tissue. Fibroblasts are present (fig s.3 ,7 ). Each
artery Is surrounded by a single layer of flattened cells similar to and
continuous with the leptomeningeal cells lining the subarachnoid space
(flg .l). This cellular covering Is In no way associated with a boundary
membrane. Occasionally, unmyelinated nerves are present In the adventi
tial coat. They possess the usual relationship to Schwann cells and some
appear to be surrounded by a single-layered sleeve of perineurium (61).
Valve-llke lntlmal projections (36,38) are associated with branches
of the major arteries at the base of the brain (fig.8). All components of
these valves are derived from the tunica Intlma of the artery. The endo
thelial layer of the artery complete with Its boundary membrane forms a
continuous covering for these structures (fig .9). This complex rests upon
a portion of the internal elastic lamina which splits Into two major com
ponents In this location (figs. 1 0 ,1 1 ). The Inner component accompanies the
endothelial covering of the valve while the outer one separates the valve
proper from the tunica media of the artery. Within the valve itself, numerous
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parallel elastic fibers traverse the short axis connecting opposite sides of
the inner component of the elastic lamina (fig. 11). This is especially
apparent near the base of the valve. In many valves, fibroblast-like cells
are arranged parallel to the elastic and other connective tissue elements so
as to be alligned between them (fig .9). The interstitial substance of these
valves is PAS-positive with a distinct parallelism reflecting the structural
arrangements described above (fig. 12). A collar of reticular fibers surrounds
the basal half of the valve (fig. 13).
Veins
Veins of the subarachnoid space possess extremely thin walls which
are composed of three layers (fig. 14). Structurally, the most coherent layer
is the endothelial lining and its continuous boundary membrane (fig. 15).
Outside of this component lies a loose connective tissue sheath, analogous
with the adventitia of similar veins elsewhere. This is continuous with the
connective tissue portions of the leptomenlnges. Smooth muscle is absent
from all veins observed. Finally, all veins in the subarachnoid space are
surrounded by an apparently continuous layer of leptomenlngeal c e lls . A
discernible Internal elastic lamina is absent from even the largest veins
observed. Valves are not present in any of the cerebral venous channels
of the rat.
Capillaries
Capillaries are absent from the subarachnoid space proper and also
from the arachnoid membrane adjacent to the dura. However, a few vessels
of capillary size are present in the pia mater. These are morphologically
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indistinguishable from capillaries elsewhere in the body. They possess a
typical endothelial lining which rests upon its own boundary membrane.
Perivascular space
Patent perivascular spaces lined by leptomeningeal cells (9,19-21)
were not found. Although electron microscopic observations (5) have failed
to demonstrate true perivascular spaces of this nature in the rat, they have
shown the presence of a single layer of leptomeningeal cells accompanying
the larger vessels into the central nervous system. While indications of
this perivascular cell layer were noted during the present investigation,
final confirmation was not possible with the light microscope. The cyto
plasmic processes of these cells are of dimensions which very closely ap
proach the limit of resolution of the light microscope, Sections of brain
tissue in which an arteriole had been cut longitudinally demonstrate the
presence of certain nuclei, appearing to lie between the boundary membrane
of the arteriolar smooth muscle and the central nervous system itself. Cer
tain fortunately-oriented sections also reveal either leptomeningeal cell
processes or a patent space existing between the boundary membrane of
arteriolar smooth muscle and that of the central nervous system. However,
the boundary membrane surrounding the central nervous system is generally
difficult to demonstrate with the light microscope, and therefore, an exact
identification of these cells cannot be made.
Subarachnoid space
The subarachnoid space is bounded by the leptomenlnges and con
tains blood vessels and cranial nerves indirectly bathed in the cerebrospinal
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fluid (figs. 16-18). In these specimens the leptomeninges were removed
with the brain, the entire dura remaining behind. Separation occurred at the
subdural space. Therefore, the outermost meningeal layer present is the
arachnoid membrane. This membrane is composed of three distinct layers
(fig. 19). The outer layer, next to the subdural space, is formed by one to
three layers of somewhat flattened cells with oval or elongate nuclei. The
middle layer is composed of a loose meshwork of spindle-shaped cells re
sembling fibroblasts. Reticular fibers and a few collagenous elements are
also present among these cellular components. The Innermost layer of
the arachnoid membrane consists of a single layer of highly attenuated
cells with elongate nuclei. These cells form the outer boundary of the
subarachnoid space. They extend down to enclose the trabeculae and all
structural elements traversing the subarachnoid sp ace. The trabeculae
themselves are formed by extensions of this inner cellular layer which en
close connective tissue cores continuous with similar components else 
where in the pia and arachnoid. Farther Inward, this lining of highly
attenuated cells becomes continuous with the cellular layer of the pia
mater to form the inner boundary of the subarachnoid space.
A connective tissue layer similar to that of the arachnoid is present
between the highly attenuated cells of the pia and the glial end feet of the
surface of the brain. It contains spindle-shaped cells as well as reti
cular and collagenous fibers. Very few blood vessels are present in the
arachnoidea itself. However, the connective tissue component of the pia
mater contains a vast network of v essels, including a few vessels of capillary
size as previously described.

23

Intramural spaces
Another space became apparent during the current Investigation be
cause of its relationship to the constituent parts of the vascular wall. Al
though the entire extent of Its finer ramifications could not be studied ade
quately with the light microscope, due to Its limited resolving power, enough
Indications were obtained to warrant Its description. Furthermore, careful
analysis of existing electron microscopic observations confirmed the extent
of such a space (see Discussion). It Is bounded externally by the leptomenlngeal cellular layer which Invests all vessels traversing the subarach
noid space. Inwardly It Is continuous throughout the adventitia and extends
Into the media where It lies between the boundary membranes of adjacent
smooth muscle c e lls . The Internal elastic lamina Is but a component of this
space, which Is Inwardly limited by the endothelial boundary membrane.
In addition to the Internal elastic lamina, the confines of this space are
occupied by collagen, retlculln and other elastic elements. The space It
self shall henceforth be referred to as the Intramural sp ace. As It Is followed
out of the subarachnoid space Into the dura mater, It loses Its outer sheath
of leptomenlngeal c e lls . This layer, as already noted, turns back to be
come continuous with the layer of arachnoid cells forming the outer boundary
of the subarachnoid space. At this point the Intramural space gains contin
uity with the general tissue space of the body. Traced In the opposite
direction It extends along the walls of cerebral blood vessels to terminate
where the leptomenlngeal cell layer becomes apposed to the endothelial
boundary membrane.
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Perineuronal spaces are not present in these preparations (fig s.2 0 ,
21). The boundary membranes of all capillaries within the brain are applied
directly to the surrounding nervous tissue. Thus, no pericapillary spaces
were observed (fig s.2 0 ,2 1 ). Even the largest intracerebral blood vessels
are so closely applied to the central nervous system tissue that the peri
vascular cell processes cannot be distinguished with absolute certainty.

CHAPTER IV

DISCUSSION
The variation in vascular mural structure found throughout the body
reflects the functional diversity of the blood vascular system. Cerebral
vessels precisely regulate the flow of blood to the brain In order to satisfy
the specific requirements of this tissue which possesses such a high meta
bolic rate. This has to be accomplished within the cranial cavity, an e s 
sentially inelastic, closed compartment. Thus, control of cerebral blood
flow must be maintained without extreme volume changes. Considering
these requirements, cerebral v essels, including those traversing the sub
arachnoid sp ace, would be expected to show certain structural character
istics which are expressions of their specialized function as well as of
their unusual environment.
In cerebral arteries, strength and rigidity are sacrificed for condi
tions favorable to accurate regulation of vessel diameter and tone. The
vascular wall is thin. Strong connective tissue support is lacking. The
tunica media is primarily muscular, possessing few collagenous or reticular
fibers. It is thus suited for accomplishing subtle changes in the cerebral
blood flow. The thin vascular walls of vessels traversing the subarachnoid
space are undoubtedly also an expression of the external pressure exerted
25
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by the cerebrospinal fluid. This pressure in man is approximately 130150 mm H2 O with the body horizontal. When upright, it varies from ap
proximately zero in the clsterna magne to 400-500 mm H2 O in the lumbar
cistern (62). However, the pressure exerted on these vessels is always
considerably greater than the -7mm Hg pressure of the interstitial tissue
fluid throughout the rest of the body (63). The result is a reduction of the
pressure differential across the vascular wall, which expresses Itself morph
ologically as a relatively weak and thin mural structure.
Control of cerebral circulation Is dependent upon a variety of
neurogenic and chemical factors. Comprehensive reviews considering the
present status of this topic have been presented by Rosenblum (64),
Sonnerscheln (65) and Schmidt (66). Total cerebral blood flow remains
remarkably constant over a wide range of mean arterial pressures. A cer
tain degree of neurogenic control has been reported by many investigators
(3 1 ,3 5 ,6 7 -6 9 ). This Is apparently mediated by either myelinated or non
myelinated fibers traveling In the walls of cerebral v essels. The nerves
within the adventitial coat of large arteries observed in the present study
were unmyelinated. Endings were not observed and their functional sig
nificance was not established.

However, recent evidence indicates that

the most effective control of cerebral circulation Is chemical, Involving
especially the carbon dioxide and oxygen tensions in the blood (64-66,
6 9 ,7 0 ).
The significance of the valve-Uke structures observed in cerebral
arteries is little more than speculative. Their initial demonstration was
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recent (36,38) and functional confirmation awaits further work. They usu
ally occur In pairs and are associated with sites of branching In the major
arteries at the base of the brain. When observed In relation to small
branches of the major v essels, It seems feasible that they might act as
functional valves. That is , they appear large enough to limit effectively
blood flow In either direction. However, at sites of larger branches, their
size is hardly adequate to affect appreciably the flow unless the artery is
in an unusual state of constriction. Histologically, they differ from typical
venous or cardiac valves. The parallel arrangement of fibroblast-like c e lls ,
elastic elements and ground substance Imparts an appearance suggesting a
tactile or pressure receptor. However, nerve endings were not observed
within them.
The unusual morphology of the veins In and around the subarachnoid
space is also an expression of both environment and function. Their thin
w alls, likened to a capillary In structure (40), are again a reflection of the
reduced transmural pressure differential. The hydrostatic pressure of the
cerebrospinal fluid offers support against an already low venous pressure.
Functionally, the veins of the subarachnoid space have been suggested as
possible sites for the absorption of cerebrospinal fluid (39-42). Such a
role is supported by several noteworthy features. Venous blood pressure In
this region is extremely low, approaching but not reaching that of the cere
brospinal fluid (66). The osmotic pressure of blood Is somewhat greater
than that of the cerebrospinal fluid (71). The thin mural structure of these
veins further suggests such a function. Venous permeability throughout the
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body has long been suspected. It has been adequately demonstrated with
colloidal dyes and tracers (72-74).

In an excellent review, Majno (75)

reported that certain of these dyes and tracers showed greater permeability
in venous channels than in capillaries. During Inflammation, the action
of histamine, serotonin and other substances which increase vascular per
meability was more pronounced on venules than capillaries (7 6 ,7 7 ). £slde
from the scant amount of connective tissue outside of the endothelial
boundary membrane, the only possible barrier is the leptomenlngeal sheath.
As will be later discussed, the competence of this layer as a true barrier
is highly doubtful.
The conflicting reports regarding the existence of capillaries within
the leptomeninges end subarachnoid space may be traceable to observations
made on different animal forms. On the other hand, their identity may have
been concealed within the loose reticulated network of meningeal tissues
due to difficulties in preparation. Ingraham, et al_. (46) described an exten
sive capillary network in the pia-arachnoid of the dog and interpreted its
function as one of cerebrospinal fluid absorption. They offered two reasons
as support for such a function: (1) difference in hydrostatic pressure be
tween the cerebrospinal fluid and capillary blood and (2) difference in
osmotic pressure between the two fluids. However, considering these fac
tors, venous rather than capillary absorption seems more logical. The
difference in hydrostatic pressure between cerebrospinal fluid and venous
blood would provide an even more plausible situation, in the light of their
extremely thin mural structure. During this investigation the pla mater of
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the rat was seen to possess scattered capillaries, not suggestive of an ex
tensive capillary network. On this quantitive b asis, it does not seem likely
that they serve an important nutritional need, nor does it seem at ail plaus
ible that they partake in the absorption of cerebrospinal fluid.
The spaces associated with cerebral blood v essels, including those
traversing the subarachnoid space, have attracted special attention during
this investigation. The fixation procedures yielded tissues free of artlfactltious spaces, without collapsed vascular walls. Three major spaces have
been described and will be discussed; perivascular, subarachnoid and intra
mural. Considered separately, each appears to possess certain unusual,
and sometimes quite confusing, characteristics. However, when recognized
as expressions of a fine structural pattern of tissue organization common to
the total organism, their unique nature is lost and their interpretation is
considerably simplified
The boundary membrane concept of ultra structure (50) provides the
basis for such an approach. The concept states that boundary membranes
effectively separate the primary cellular tissues of the body (epithelium,
nerve, muscle and fat) from the single and everywhere continuous tissue
space. The epithelium facing the geometrical exterior of the body (epider
mis, alimentary canal, respiratory tracts, etc ) rests upon an "external
boundary membrane". This essentially encloses the tissue space. All
other non-connective tissue elements lie within the tissue space but are
separated from it by an "internal boundary membrane" . These include
endothelium, mesothellum, muscle, fat, the central nervous system and
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neurons with their Schwann ceils of the peripheral nervous system. The
true connective tissue cells and non-cellular formed elements exist free
and uncovered within the tissue space. Such a basic plan of structural
organization expresses itself throughout the total body.
The idea of a single tissue space as described above can be useful
in Interpreting the morphology and functional significance of perivascular
spaces, since these have been beset with confusion and misinterpretation
for many years. In this study, patent perivascular spaces lined by leptomfningeal cells (9, 19-21) could not be demonstrated in the rat with the
light microscope, even though the material was fixed adequately for fine
structure. Three possible explanations become apparent. The method of
fixation, preserving blood vessels in an open state, may have pressed the
already attenuated leptomeningeal cells tightly against the central nervous
system, leaving only a potential space at best. Secondly, these ceils
might form only a single layer accompanying the large vessels into the
central nervous system. P,s such, a true perivascular space as classically
defined would not exist (9 ,1 9 -2 1 ). Finally, the leptomeningeal cell layer
might be totally lacking. This last possibility seems highly unlikely.
During the present investigation, nuclei resembling those of the lepto
meningeal cells were observed between intracerebral vessels and the ner
vous tissue proper. They could not be conclusively identified as such but
on the other hand bore no resemblance whatever to any of the glial nuclei,
the only other possibilities. The second of the above interpretations ap
pears the most feasible and Indeed, has been demonstrated in the rat at the
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level of ultra structure (5). The largest vessels entering the cerebral cortex
of the rat are arterioles and venules. Maynard, et al_. (5) have suggested
from their fine structural observations that true perivascular spaces may a c 
tually exist In animals where larger vessels are observed entering the cen
tral nervous system.

Pease and Schultz (7) later confirmed this suspicion.

Other electron microscopic studies (48,49) have directed attention to a
re-definition of the perivascular spaces. They have observed cells resem
bling those of the leptomenlnges lying between the blood vessels and the
central nervous system. However, the formation of a cu l-d e-sac closed
by the fusion of leptomenlngeal cells could not be demonstrated. Rather,
the actual perivascular space contained these cells and was effectively
bounded by the endothelial boundary membrane on the one side, and by that
of the central nervous system on the other side. The cu l-d e-sac was formed
as the capillary level was reached when the above mentioned boundary
membranes fused. From this point on lay the blood-brain barrier. When
fit Into the conceptual pattern of tissue organization based on the distri
bution of boundary membranes (50), such a definition of perivascular
spaces readily becomes tenable. The term perivascular space, however,
becomes rather vague In reference to vessels of various sizes with different
mural structure. Numerous components of the vascular wall Itself (muscle,
nerve, connective tissue cells and fibers) lie within this space. The term
pertendothellal tissue space seems a more accurate term and may be used
for that part of the tissue space outside of the vascular membrane (75) In
all blood v e sse ls. In Its present association It denotes that portion of the
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tissue space which accompanies blood vessels larger than capillaries Into
the central nervous system. Here, It lies between the vascular membrane
(75) and the boundary membrane surrounding the central nervous system.
The subarachnoid space has long been considered to be physiologi
cally Isolated from the surrounding tissue space. Consequently, its lining
has been Interpreted as an effective morphological barrier. It appears,
however that Its comparison with the coelomlc body cavities (47) In this
respect Is defective. The body cavities possess a true mesotheilal lining
to which that of the subarachnoid space has been compared. However, a
basic and very important morphological difference has become apparent
with developing knowledge derived from ultra structure. All mesothellum
rests upon a continuous boundary membrane which separates the cellular
lining from the single tissue space of the body. Such a boundary mem
brane is not seen associated with the leptomenlngeal cellular lining of
the subarachnoid space. Accordingly, the morphological Integrity of
such a barrier remains dependent upon the effectiveness of Junctional com
plexes, which are the attachments of ceils to each other at the level of
fine structure (78). Dahl, et ah (10) noted special contacts resembling
desmosomes between adjacent leptomenlngeal cells surrounding arteries
and veins within the subarachnoid space. Since this cellular layer Is
continuous with the lining of the subarachnoid space, It Is reasonable to
assume the presence of such contacts In this lining as well. However,
this form of Intercellular contact does not form a truly tight Junction through
out the cellular layer. The points of attachment are Intermittent and thus
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do not contribute significantly to the competence of this cellular layer as
a morphological partition. Further doubt on effective isolation of the sub
arachnoid space from the tissue space of the body Is expressed repeatedly
by the demonstration of bundles of unit collagen fibers within the subarach
noid space (2 2 ,4 9 ,5 1 ). Ramsey (51) demonstrated open communication be
tween the connective tissue portion of the pia and the subarachnoid space
through discontinuities in the plal contribution to the lining of the subarach
noid space.

Unit collagen fibers were seen In these openings as well as

within the subarachnoid space proper. In accordance with the precepts of
the boundary membrane concept, the cells forming the boundaries of the
subarachnoid space are connective tissue c e lls , resembling slightly modi
fied fibroblasts. Further, the subarachnoid space represents a cieared-off
portion of the single tissue space of the body, rather than a distinct
morphological entity.
The intramural space, as defined during this investigation, lies
entirely within the vascular wall of blood vessels traversing the subarach
noid space. It is limited externally by the leptomeningeal cell layer
surrounding all such vessels and Internally by the endothelial boundary
membrane. Its contents are typical formed elements of the sort usually
found within the tissue space; nerves, smooth muscle c e lls , collagen,
elastic and reticular fibers and fibroblasts. Following the intramural space
outward into the dura mater, its leptomeningeal boundary is lost by outward
reflection and thus continuity with the general tissue space of the body Is
established. Inwardly, the space accompanies vessels only until the
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leptomemlngeal cellular lining becomes apposed to the endothelial boun
dary membrane. Ultrastructurai studies have now demonstrated that an
effective apposition of this sort does not occur (49). In fact, within the
central nervous system this intramural space simply becomes continuous
with the perivascular space defined by Nelson, et aJL (49). In terms of
the present description, the Intramural space becomes part of the pertendothellal tissue space. The cells of the leptomenlngeal perivascular
sheath actually lie within this space. Because of their similarity to and
continuity with the lining cells of the subarachnoid space, their morph
ological Identity Is doubtful. It Is therefore suggested that these too are
fibroblast-like cells existing free within the sleeve of tissue space a c 
companying blood vessels Into the central nervous system. Lacking
boundary membranes, their situation does not differ from that of connec
tive tissue cells existing uncovered In the tissue space elsewhere In the
body.
The blood vessels traversing the subarachnoid space are covered
by a layer of leptomenlngeal cells which may be interpreted as connective
tissue c e lls . They lie within the tissue space, their outer surfaces facing
the portion of this space known as the subarachnoid space. Their Inner
surfaces also face the tissue space which, on this side, Is known as the
Intramural space. Centrally, It Is continuous with the perlendothellal
tissue space of the same vessel.
With the boundary membrane concept In mind, the structural and
spatial components associated with cerebral vessels may be redefined.
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previously indicated, the basic structural element of all blood vessels

is the "vascular membrane" (75), composed of endothelium and its boun
dary membrane. The endothelial tube and lumen are thus separated from
the tissue space by this internal boundary membrane. In reconstructing
vessels larger than capillaries, various components are simply added on to
the "vascular membrane." These all lie within the tissue space, connective
tissue components lying free, muscle and nerve Isolated by their own in
ternal boundary membranes. The tissue space is continuous throughout
the vascular coats down to the endothelial boundary membrane. The cells
of the leptomeningeal sheath surrounding all vessels within the subarach
noid space and accompanying them into the central nervous system must
also be considered as connective tissue cells lying free within the tissue
space of the body. From the observations of Ramsey (51) and various other
reports on the presence of collagen in the subarachnoid and perivascular
spaces (2 2 ,4 9 ,5 1 ), this cellular lining should not be considered to repre
sent a true morphological barrier. Therefore, the Intramural, subarach
noid and perivascular spaces are not truly isolated spaces, but simply ex
tensions of the one continuous tissue space of the body.
In conclusion, it may be stated that blood vessels traversing the
subarachnoid space differ morphologically from blood vessels elsewhere
in the body, but in a manner clearly reflecting their special functional
requirements. However, their structural peculiarities are really variations
of a master pattern of tissue organization found ail through the body, rather
than expressions of a totally unrelated design. Here, as everywhere else
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In the body, structure and function fit together without essential sacrifice
of the morphological plan common to the total organism.

CHAPTER V

SUMMARY
Tissues of thirty-eight young adult female rats of the SpragueDawley strain were fixed adequately for fine structure by perfusion with
buffered aldehydes. The blood vessels traversing the subarachnoid
space at the base of the brain, along with the Intact ieptomeninges, were
subsequently processed for light microscopic study.
Arteries of this region possess unusually thin walls for their
luminal size. The large arteries exhibit a prominent Internal elastic lam
ina with occasional fenestrations. The tunica media of the largest ar
teries possesses four or five layers of circularly arranged smooth muscle,
with few connective tissue components. The tunica adventitia is sparse
and is separated from the subarachnoid space by a single layer of atten
uated leptomeningeal cells continuous with those lining the subarachnoid
space elsewhere. Valve-like intimal projections occur at points of branch
ing of the major arteries at the base of the brain.

Unmyelinated nerves

are occasionally seen accompanying the large arteries. They occupy the
tunica adventitia.
Veins of the subarachnoid space possess extremely thin walls without
a discernible internal elastic lamina. Venous valves are lacking.
37
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Capillaries are absent from the subarachnoid space as well as from
the arachnoidea proper. The pia mater contains very few vessels of capil
lary size.
Patent perivascular spaces lined by leptomeningeal cells are not
found accompanying arteries or veins into the central nervous system.
However, Indications of leptomeningeal cells are noted between the blood
vessels and central nervous system tissue, indicating the presence of a
perlendothelial tissue sp ace.
The subarachnoid space is lined by a single layer of leptomeningeal
cells . Blood vessels and nerves traversing the subarachnoid space are
separated from It by a single layer of highly attenuated cells continuous
with the leptomeningeal lining ce lls. These cells lack a boundary (base
ment) membrane and resemble modified fibroblasts.
The intramural space of blood vessels traversing the subarachnoid
space lies between the endothelial boundary membrane and the leptomenin
geal vascular sheath. Traced toward the dura mater, it becomes continuous
with the general tissue space of the body after its leptomeningeal sheath
is reflected back away from the vessel Itself. Centrally, it becomes con
tinuous with the perlendothelial tissue space in the central nervous system.
Based on the fine structural pattern of tissue organization common
to the total organism (50), it may be concluded that the three spaces of
primary interest during this investigation are in actuality specialized but
continuous portions of the single tissue space of the body. Furthermore,
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although the mural structure of these blood vessels differs from vessels
elsewhere In the body, their peculiarities represent variations of a master
plan of tissue organization, rather than expressions of a unique pattern
In tissue design.

APPENDIX I
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LEGEND TO FIGURES

arterial lumen
adventitia
arachnoid membrane
arteriole
endothelium
endothelial boundary membrane
fibroblast
inner component of internal
elastic lamina
L, Internal elastic lamina

A,
AD,
AM,
AR,
E,
EM,
F,
I,

LC, leptomenlngeal cellular layer
MM, boundary membrane surrounding
N,
o,
SA,
SD,

T,
V,

each smooth muscle ce ll.
central nervous system
outer component of Internal
elastic lamina
subarachnoid space
subdural space
trabecula
venous lumen

PLATE I
Figure 1. Large artery with pair of arterioles In the subarachnoid
apace (SA). A continuous leptomenlngeal cellular sheath
(LC) surrounds these vessels. The sheath of the large
artery becomes continuous with that of the arterioles by
means of an extension (arrow). The arachnoid membrane
runs vertically on the right (AM). Harris* hematoxylin
and eosln. 400 X.
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PLATE II
Sections of large arterial wo a m subarachnoid space
Figure 2 . Stained with PAS technique. The positions of the PAS-posltlve
boundary membranes are indicated by dark lines. The attenu
ated endothelium rests upon Its boundary membrane (EM).
Each smooth muscle cell Is surrounded by Its own boundary
membrane (MM). 2100 X
Figure 3 . Stained with Masson*s trl-chrome stain. The attenuated
endothelium is seen to advantage (E). The internal elastic
lamina (1) is conspicuous Clear areas between smooth muscle
cells are occupied by boundary membranes and tissue space
(arrows). Fibroblast nuclei (F) are present In the adventitia.
P single leptomenlngeal cellular layer (LC) separates the
vessel wall from the subarachnoid space. 2100 X.

PLATE HI
Sections of large arterial wall In subarachnoid space:
Stained with Welgert's elastln stain
Figure 4 • Single elastic lamina. The prominent Internal elastic lamina
(L) underlies the attenuated endothelium (E). Note fenestra
tion (arrow). Elastic elements in the media and adventitia
are sparse. 2100 X.
Figure 5 • Split elastic lamina. The major component (I) occupies Its
normal position, subadjacent to the endothelium and Its
boundary membrane. A thin sheet (O) separates to surround
the Inner layer of smooth muscle for a short distance. 2100 X.

47

PLATE IV
Sections of large arterial wall In subarachnoid space
Figure 6. Stained with Snook's retlculln stain. Reticular fibers are
randomly dispersed between smooth muscle cells In the
media (arrows). 2600 X
Figure 7. Stained with Harris1 hematoxylin and eosln. Four to five
layers of circularly arranged smooth muscle are present In
the media. Fibroblast nuclei (F) occupy the adventitia.
The leptomenlngeal cellular sheath (LC) turns outward to
form a small extension (arrow). 2100 X.
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PLATE V
Figure 8. Arterial valves. This large artery is part of the Circle of
W illis. The valves (arrows) characteristically occur in
pairs associated with branches of the parent vessel. They
are entirely derived from the intima of the artery. Harris'
hematoxylin and eosin. 700 X.
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PLATE VI
Figure 9. Detail of arterial valve. A continuous endothelial covering
is present (arrows). The Internal lamination is both cellular
and non-cellular Harris’ hematoxylin and eosin. 2700 X.
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PLATE VII
Arterial valves: Stained with Weigert's elastln stain
Figure 10.
Figure 11.

Spilt elastic lamina. The Inner component (I) underlies
the endothelial covering. The outer component (O)
separates the valve from the tunica media. 1100 X.
Multiple elastic laminae. The elastic components cross
the width of the valve. They are usually most prominent
In the basal portion of these projections. 1100 X.
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PLATE VIII
Arterial valves
Figure 12.

Figure 13.

Stained with periodic acid Schlff (PAS) technique and counterstained with Harris* hematoxylin. The PAS-Dosltlve around
substance characteristically traverses the width of the valve
as parallel laminae. The positions of the boundary membranes
surrounding the arterial smooth muscle cells cut in cro sssection also show to advantage (MM). 1600 X.
Stained with Snook's retlculin stain. Reticular elements are
almost totally absent from the central part of the valve.
Reticular fibers form a collar around the basal half of the
valve (arrows). 1600 X.

PLATE DC
Figure 14.

Vein and arteriole within subarachnoid sp ace. The thin
venous wall Is made up of an endothelial lining (E)
resting upon Its boundary membrane (not shown). Out
side of this complex lies sparse amounts of connective
tissue (AD) surrounded by the leptomeningeal cellular
sheath (LC). Harris' hematoxylin and eosin. 1200 X.
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PLATE X
Figure 15.

Vein in subarachnoid space. Its thin mural structure may
be compared with that of the vein in Fig. 14. Its three
layers are clearly evident on the left (small arrows). An
arterial wall is on the left and, on the right, lies the
central nervous system. A pial cell nucleus is present
at the surface of the brain (large arrow). Masson’s trichrome stain. 1000 X.
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PLATE XI
Figure 16.

Subarachnoid space and central nervous system. An arter
iole (AR) and two veins (V) are present in the subarachnoid
space. The arachnoid membrane Is seen on the right (AM).
Trabeculae are particularly numerous. On the left lies the
central nervous system (N). Harris' hematoxylin and eosln.
400 X.
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PLATE Xn
Figure 17.

Figure 18.

Figure 19.

Subarachnoid apace. The arachnoid membrane lies on the
right. A large artery (A) and vein (V) lie within the subarach
noid space (SA), both surrounded by a leptomeningeal cellu
lar covering. The central nervous system (N) lies on the left.
Harris' hematoxylin and eosln. 130 X.
Longitudinal section of artery in subarachnoid space. A
single arachnoid trabecula (T) is continuous with the lepto
meningeal cellular sheath (LC) of the artery. A large vein
(V) rests upon the central nervous system (N). Harris'
hematoxylin and eosln. 220 X.
Arachnoid membrane. Three layers are distinguishable. The
outer layer (1) is one to three cells thick. These cells are
somewhat flattened and form the inner lining of the subdural
space (SO). The middle layer (2) consists of a reticulated
network of fibroblast-like cells with collagenous and reti
cular fibers. The inner layer (3) forms the outer boundary
of the subarachnoid space (SA) and is made up of a single
layer of highly attenuated leptomeningeal c e lls . Two trabec
ulae (T) are cut in different planes. Harris' hematoxylin and
eosln. 850 X.
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PLATE Xm
Figures 2 0 , 21

Comparison of fixation methods In central nervous
system. The tissue In Fig. 20 was fixed by immersion
in 10% formalin, while that of Fig. 21 was fixed by
perfusion with buffered glutaraldehyde. Note the very
prominent perivascular space and numerous perineuronal
spaces in Fig. 2 0 . Conversely, the tissue in Fig. 21
shows total absence of perineuronal, perlcapillary and
perivascular spaces. The Increased chromatic staining
response of the perfused tissue is apparent in Fig. 21.
Harris' hematoxylin and eosin. 700 X.
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A TECHNIQUE FOR THE LIGHT MICROSCOPY OF TISSUES
FIXED FOR FINE STRUCTURE
Biological fine structure is well preserved by buffered aldehyde
fixation, a fact well known to electron microscopists. Also well known
is the ease with which aldehyde-fixed tissue may be stained for light
microscopy. These circumstances suggested that material known to be
fixed adequately for electron microscopy might be prepared for light
microscopy with profit (14). Accordingly, experimental animals were per
fused with buffered aldehyde solutions. Following this special fixation,
tissues were processed for light microscopy with the least possible al
teration of standard techniques. This paper presents a full report of
the outcome of these experiments.
PROCEDURE
Fixation:
Young adult virgin female rats of the Sprague-Dawley strain were
perfused by the method of Palay et ajL (11).

Phosphate buffered gluta-

raldehyde or formaldehyde (15) or a cacodylate buffered paraformaldehydeglutaraldehyde mixture (5) were substituted forOsO,}. The height of the
perfusion column was reduced from five to three feet to prevent capillary
rupture in unprotected soft tissues. When glutaraldehyde or formaldehyde
were used alone, 10-20 ml of balanced salt solution were permitted to

flow through the cannula as It was being Inserted into the ascending
aorta. Glutaraldehyde perfusion (200-250 ml) was terminated after 20
minutes, but the formaldehyde (500-700 ml) was permitted to flow at a
reduced rate for 3 hours. Both techniques were followed by balanced
salt solution for 20-30 minutes. When using Karnovsky's fluid, 10-20
ml of washout solution (isotonic fixer) preceded the perfusate (200-250
ml), which was permitted to flow in full strength for 15-20 minutes.
Optionally, perfusion could be followed by a 10-15 minute rinse with
the washout solution. The entire procedure was carried out at room
temperature (4).

Usually the perfusion was generally distributed but

selected areas could be emphasized by means of arterial clamps. For
purposes of comparison, some fresh tissues were fixed by overnight im
mersion in unbuffered 10% formalin.
Excision;
The extreme brittleness of tissues fixed by aldehyde perfusion
called for special precautions. A minimum of handling, bending or
twisting was essential to prevent detrimental cracking of the tissue
mass. Uhprotected soft structures suffered the least damage if removed
with surrounding tissu es. For example, undamaged peripheral nerve re
quired concurrent removal of adjacent tissu es, intact and without mechan
ical disturbance. Tissues surrounded by skeletal elements such as the
central nervous system, orbital contents, e tc. were obtainable only after
careful removal of the bony encasements.

During subsequent cutting,

brisk chopping strokes with fresh blades were necessary to avoid compres-

slon and consequent damage. The cutting itself was always performed with
the blocks Immersed in the appropriate buffer solution, which could also
serve for temporary storage.
Dehydration:
Dehydration was begun by adding the first ethanol concentration
directly to the buffer solution in which the tissue was immersed. Ascend
ing concentrations of ethanol (30, 50, 70, 80, 95%, absolute) were added
slowly to prevent damage by turbulence. Drop-by-drop addition was ex
pedient with the lower concentrations. Pipette control of all fluid changes
was found to be preferable to decanting. Damage by surface tension was
avoided in the handling of especially delicate tissues (leptomeninges,
e tc.) by maintaining complete immersion of the blocks in fluid throughout
all procedures.
Embedment:
These unusually hard tissues required paraffin of high melting
point (60-62°C) or double embedments containing celloidin (17). The
matching hardness of these embedding media also helped prevent separa
tion of tissue elements when the sections were heated and water spread
during mounting. Softer tissues such as kidney could be embedded in
55°C paraffin and cut without compression. At the risk of less effective
clearing, chloroform was substituted for xylene whenever the latter seemed
to produce unmanageable hardness.
Microtomy:
Certain modifications of standard microtomy techniques were required
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because of the hardness noted above. Steel knives were hand sharpened
on lightly etched glass plates by the method of Hillier (1), a technique
originally developed for uitrathin sectioning. It was essential to fit the
knives with single rear supports for accurate three-point suspension, thus
assuring uniform bevels. Freshly sharpened knives were examined by the
scattered light technique (13). Pn edge was considered satisfactory when
examination at 100X revealed a fine bright line without a "necklace" pat
tern. A parafftnlzed cardboard pill box cut to fit the knife was used for
fluid reception of section s. Fifteen percent acetone in distilled water
(v:v) or distilled water alone were the fluids of choice. Sections 4;u thick
or less could be obtained routinely without interference by humidity or
static electricity. Transfer of individual sections to glass slides was
done by means of small loops or forceps. Subsequent mounting procedures
followed standard methods. When a dry knife was used sections thinner
than 7-8ju were difficult to obtain and were significantly affected by at
mospheric conditions.
Staining:
Standard techniques for light microscopy (3 ,7 and others) yielded
adequate results. However, there was a general tendency to overstain
and background color Interfered with differentiation. These difficulties
were corrected by altering concentrations end exposure times. Blocking
agents were used in a few c a s e s . One dye substitution was made due to
staining failure. Although chromatic values differed slightly from those of
more familiar preparations, the colors were in general well saturated.
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The results obtained with some commonly used methods are summarized
below.
Hematoxylin and Eosin (Harris);

Chromatic balance adequate after

hematoxylin, 1/2 to 1 minute; eosin, 1 minute. Tendency of hematoxylin
to override eosin thus corrected. A reliable general technique.
Hematoxylin (Heldenhain) and Piero-fuchsIn; Hematoxylin destains
readily after overnight immersion if controlled by visual inspection. Over
staining in picro-fuchsin avoided by brief (50-30 second) immersion and
regulated differentiation. Histological detail sharp.
Welgert's Elastin: Positive for Mastic tissue but differentiation
masked by background color. Shorter staining times not helpful after
glutaraldehyde fixation.
Nissl (cresyl echt violet): An excellent stain for cytological detail
in most cell types. Nissl substance in nerve cells less conspicuous than
usual after glutaraldehyde fixation.
Reticulin (16);

Strongly positive with standard procedures. Picro-

fuchsin Irregular and must be adjusted to individual tissue. Excellent for
fine detail of reticular fibers.
Masson*s Tri-chrome; Aniline blue substituted for light green be
cause of failure of the latter to stain. Good differentiation between cellu
lar and extracellular formed elements.
Mallory’ s Tri-chrome: Irregular and unpredictable, but useful in
some tissues.
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PAS and Allochrome:

Good differentiation hard to obtain, especially

after glutaraldehyde fixation. Blocking agents such as aniline chloride (6 )
or aniline In glacial acetic acid (8 ) help If used before periodic acid. Back
ground color limits usefulness of these two techniques.
When attempting to standardize these procedures In another labora
tory, It Is well to bear In mind the local variability that characterizes
chromatic staining techniques.
DISCUSSION
The results obtained during this study shows that the preparation of
finely fixed tissues for light microscopy is practicable, even though some
what exacting. Blocks of tissues fixed by perfusion with buffered aldehydes
differ from conventional preparations In three distinct ways. They are
brittle and hard and are also somewhat different In their response to chro
matic stains.
Brittleness Is especially critical after perfusion, which fixes the
tissues In situ prior to excision. Since tissues are customarily removed
while soft and pliable the operator should be aware of dangers not ordin
arily encountered. Extreme care with all manual manipulations Is the
best approach to this problem. The greatest danger occurs during tissue
removal when slow precision and careful mechanical control are essential.
After excision, however, brisk chopping strokes seem to lessen the damage
caused by compression. Gentle handling in all subsequent steps prior to
embedment is also a significant factor in preventing damage. The brittle
ness seems to be a general characteristic of these preparations and is not
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readily explainable. However, it Is not surprising to encounter this phenom
enon in material that has been rendered Insoluble and consequently less
flexible at the molecular level of organization. It may well be an unavoid
able sequel to the quality of the fixation Itself.
Hardness is also general among these tissues and likewise seems to
be unavoidable. This is very likely due to the Increased amount of formed
elements preserved by the fixation. It becomes critical only during microt
omy and may be offset by three separate devices; matching hardness in em
bedding media, specially sharpened knives, and fluid reception of sections.
Forbidding difficulty in microtomy is encountered only with a few tradition
ally troublesome tissu es, such as tendon in cross section, etc.

Most or

gans and tissues may be cut successfully as described herein.
A peculiar difficulty was encountered during the mounting of paraffin
sections. Certain tissu es, such as those containing ieptomenlnges or
peripheral nerve, tended to break up while the sections were being spread
on the warming pan. Apparently, the kinetics of contraction and expansion
in the embedding medium were too vigorous for the more delicate portions
of the tissue, the brittleness of which has already been emphasized. This
phenomenon could be prevented no matter where it occurred by adopting a
celloidin-paraffin mixture for subsequent embedments.
The staining characteristics observed in this study are also attribu
table to the complete amount of tissue preserved. Absence of artifactitlous spaces and lack of clumping among formed elements both imply a gen
eral homogeneity not present in conventional preparations. Moreover, it
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ts reasonable to suppose that the affinity of chromatic stains for these
fine structures would express Itself as background color. This would
apply even though the formed elements themselves were smaller than the
resolution limit of the optical system used.
The usefulness of this technique to the research investigator
hinges on recognition of certain limitations Imposed by standard fixa
tion techniques for light microscopy (2). Critical evaluation of these
methods became available with the development of the electron microscope
when techniques for plastic embedment (9) and ultramicrotomy (12) re
vealed conspicuous distortion and clumping of tissue elements after con
ventional fixation. The development of buffered fixing fluids (10) made
possible the preservation of tissue fine structure by maintenance of con
stant pH during fixation. For more than a decade buffered O s0 4 was the
fixer of choice and It followed that early studies in fine structure were
based almost entirely on its use. However, accompanying verifications
with the light microscope were discouraged by masking effects (due to the
dark brown color of the tissue) and Inhibition of subsequent chromatic
staining. The more recent development of buffered aldehyde fixation
(15) provided a new approach. Chromatic staining was no longer masked
or Inhibited and the quality of the fixation matched the best OSO4 prep
arations. An added stimulus was provided by refinement of perfusion
techniques (11). The experiments herein reported have explored the prac
ticability of this approach. It appears that biological tissues properly
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fixed for fine structure may be subsequently prepared for light microscopy
by a wide variety of standard histological techniques.
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